Background Voluntary knuckle cracking is a common habit, with a reported prevalence of 25% to 45%. Habitual knuckle cracking also is a frequent source of questions for physicians, and the largest study to date reported an association with functional hand impairments. Questions/purposes (1) When compared with subjects who are not habitual knuckle crackers, do habitual knuckle crackers have greater QuickDASH scores, swelling, weakness, joint laxity, or ROM? (2) In subjects who crack their knuckles, does cracking immediately increase ROM? (3) What are the characteristic sonographic findings in joints that crack? Methods A prospective, institutional review board-approved study was performed on 400 metacarpophalangeal joints (MPJs) in 40 asymptomatic adult subjects. Of those, 30 subjects had a history of habitual knuckle cracking (defined as daily voluntary popping of MPJs). Clinical history provided by all subjects included a standardized QuickDASH questionnaire. Physical examination was performed by two orthopaedic surgeons (blinded to subjects' knuckle-cracking history and sonographic outcomes). The physical examination included evaluation for swelling, grip strength, and ROM before and after attempted knuckle cracking. Sonographic examination was conducted by one sonographer, with static and real-time cine images recorded before, during, and after MPJ distraction was performed by the subjects. Two musculoskeletal radiologists (blinded to subjects' knucklecracking history) interpreted the images for a definite hyperechoic focus during and after MPJ distraction; this was compared against the reference standard of an audible ''crack'' during joint distraction. Results Comparing subjects with knuckle cracking with those who did not crack their knuckles, there was no differences in QuickDASH scores (knuckle crackers, 3.7 ± 5.2; nonknuckle crackers, 3.2 ± 6.3; mean difference, 0.6; 95% CI, À3.5 to 4.6; p = 0.786), laxity (knuckle crackers, 2.0 ± 1.8; nonknuckle crackers, 0.3 ± 0.7; mean difference, 1.7; 95% CI, 0.5-2.9; p = 0.191), and grip strength (preultrasound, right hand, p = 0.499, left hand p = 0.575; postultrasound, right hand p = 0.777, left hand p = 0.424); ROM comparisons between subjects with a history of habitual knuckle cracking versus subjects without such a history only yielded increased ROM in joints that cracked during manipulation (knuckle cracking, 143.8°± 26.5°; nonknuckle cracking, 134.9°± 28.6°; mean difference, 9.0°; 95% CI, 2.9°-15.
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Introduction
Voluntary knuckle cracking is a common habit, with a reported prevalence of 25% [4] to 45% [22] in the United States. Habitual knuckle cracking also is a frequent source of questions for physicians, and controversies persist regarding any pathophysiology associated with knuckle cracking. For example, some investigators [6] suggest that only joints with sufficient laxity will crack, whereas another investigator [3] argued that joints that are too lax or too tight will not be able to perform an articular pop. With voluntary knuckle cracking in asymptomatic individuals, numerous theories have been advanced to explain the physiologic process, including sudden springing apart of the bones causing tissue vibrations [18] , sudden tightening of the joint capsule [12] , snapping back of the joint capsule [3] , lysis of intraarticular adhesions [16] , collapse of intraarticular gas bubbles [23] , and formation of intraarticular gas bubbles [10] .
In the largest study to date [4] , clinical evaluation found habitual knuckle cracking is associated strongly with hand swelling and lower grip strength, and concluded habitual knuckle cracking ''results in functional hand impairment''. Another author, without presenting data, offered the opinion that knuckle cracking is not deleterious, but concluded that ''it is time we really found out'' [20] . Imaging may be used as a noninvasive means of documenting the anatomic source of a sudden sound at the metacarpophalangeal joints (MPJ) (eg, knuckle cracking), but little is known about the real-time sonographic findings of this dynamic phenomenon. Thus, we were motivated to investigate if knuckle cracking is associated with observable differences in clinical history, physical examination, and dynamic sonographic findings.
Therefore, we asked: (1) When compared with subjects without a history of habitual knuckle cracking, do subjects with habitual knuckle cracking have greater QuickDASH scores, swelling, grip weakness, joint laxity, or ROM? (2) In subjects with a history of knuckle cracking, does cracking immediately increase ROM? (3) What are the characteristic sonographic findings in joints that crack?
Materials and Methods
Volunteers were recruited for this prospective study without any remuneration, compliant with the Health Insurance Portability and Accountability Act, by posting announcements at a university medical center between September 13, 2014 and February 6, 2015. Written informed consent was obtained for each volunteer based on the guidelines and approved documentation from our university institutional review board before study initiation. Inclusion criteria for this study included subjects with no history of joint problems in their hands, and 18 years or older. Forty subjects were enrolled on a firstcome, first-served basis and identified themselves as either performing daily, voluntary (''habitual'') knuckle cracking or as never voluntarily performing knuckle cracking.
Thirty subjects with a history of habitual knuckle cracking and 10 without a history of habitual knuckle cracking were included, each with 10 digits, resulting in evaluation of 400 MPJs. There were no differences in age, gender distribution, and hand dominance between the two groups (Table 1) . Interestingly, compared with subjects in the group without a history of habitual knuckle cracking, more subjects in the habitual knuckle cracking group reported that they also engaged in habitual cracking of other joints in their body (in addition to those in the hand) (23/30 [77%] versus 3/10 [30%]).
Clinical History
In addition to demographic traits (including gender, age, hand dominance), each subject completed the standardized QuickDASH outcome measure questionnaire [7] .
Physical Examination
Subjects were randomly assigned to and underwent a detailed physical examination of both hands by one of two hand-specialty trained orthopaedic surgeons (RMS, APN). The surgeons were completely blinded to any history of knuckle cracking among the subjects. Before starting the study both orthopaedists created, by consensus, a document detailing the method of performing the individual ROM measurements.
Clinical assessment for swelling, grip strength, and ROM was performed promptly (\ 5 minutes) before and after performing distraction maneuvers on the MPJs (as detailed in the Statistical Analysis below). Swelling was assessed as present or absent by the orthopaedic examiners. Grip strength was measured using a calibrated digital handheld dynamometer (Jamar; Lafayette Instrument Company, Lafayette, IN, USA), with the average of three maximal isometric efforts recorded (in pounds) [1, 21] . Active and passive ROM measurements were recorded (in degrees) during flexion and extension of the MPJs using a manual goniometer.
Additionally, after performing distraction maneuvers on the MPJs, assessment for hypermobility or ''laxity'' was performed using the 0-to 9-point Beighton scale, with scores of 4 or greater considered indicative of laxity [17] . The Beighton score is calculated by adding 1 point for each of the following: placing flat hands on the floor with straight legs; each elbow that bends backward; each knee that bends backward; each thumb that touches the forearm when bent; and each small finger that bends backward beyond 90°.
Sonographic Evaluation
Sonography was performed by a musculoskeletal sonographer (MC) (with 25 years of experience) using a dedicated ultrasound unit (LOGIQ TM E9; GE Healthcare, Milwaukee, WI, USA) with the linear array L8-18i ''hockey stick'' probe operated at 18 MHz, with a temporal resolution of 87 and 232 frames per second.
Subjects were instructed to abstain from knuckle cracking for at least 4 hours preceding the examination. Subjects with and without a history of habitual knuckle cracking were examined while in the seated position with hands on a height-adjustable stand. The MPJs were examined sonographically in the longitudinal plane before, during, and after each MPJ was distracted manually with longitudinal traction, hyperflexion, or hyperextension by the subject. In addition to static images immediately (\ 20 seconds) before and after distraction of the MPJ, real-time cine images were obtained dynamically during the distraction maneuver.
For each MPJ, an independent observer (RDB) (musculoskeletal radiologist with 19 years of experience) in the room recorded if a definite audible crack did or did not occur during the distraction maneuver. This served as the reference standard for evaluating the accuracy of sonographic observations by two readers.
The findings observed during sonographic imaging were analyzed independently by two musculoskeletal radiologists (DN, CB) (with one in fellowship training and one with 3 years in clinical practice). Both readers were blinded to whether the subjects had any history of habitual knuckle cracking and whether the subjects cracked their knuckles during the sonographic examination.
In joints that cracked, sonography showed hyperechoic foci, suggesting the formation of intraarticular gas. In contrast, this finding was not observed in association with the distraction maneuvers that did not result in a joint crack. These findings corroborate existing studies [9, 11] . Thus, sonographic examinations were interpreted as positive for showing knuckle cracking if new echogenic foci appeared either during real-time cine images during distraction or on static images immediately after distraction (Fig. 1) . Conversely, sonographic examinations were interpreted as showing no crack if no echogenic foci appeared in the joint during real-time cine imaging during distraction and on static imaging immediately after distraction (Fig. 2) . Statistical Analysis
Comparisons were made between subjects with a history of habitual knuckle cracking versus subjects without a history of habitual knuckle cracking across numerous variables to determine differences between groups. In addition, comparisons were made between joints that had a documented crack event during the distraction maneuver and joints that did not crack during the distraction maneuver our study. A chi-square test was used for categorical variables whereas an independent two-sided Student's ttest was used for continuous variables. A p value less than 0.05 was considered statistically significant. A power analysis was performed on one of the primary endpoints, QuickDASH scores. A sample size of 3436 (a = 0.05, b = 0.80) would be required to detect a difference with an effect size of 0.10.
Results
Comparing subjects with a history of habitual knuckle cracking with subjects without such a history, with the numbers available, there were no differences in Quick-DASH scores (knuckle crackers, 3.7 ± 5.2; nonknuckle crackers, 3.2 ± 6.3; mean difference, 0.6; 95% CI, À3.5 to 4.6; p = 0.786), laxity (knuckle crackers, 2.0 ± 1.8; nonknuckle crackers, 0.3 ± 0.7; mean difference, 1.7; 95% CI, 0.5-2.9; p = 0.191), and grip strength (preultrasound, right hand, p = 0.499, left hand p = 0.575; postultrasound, right hand p = 0.777, left hand; p = 0.424) ( Table 2) . Although we found a small difference in QuickDASH scores between subjects with knuckle cracking and those without for sports activities, all results were within the normal range. Furthermore, when limiting the Beighton score to the hand components (that is, small finger hyperextension greater than 90°and thumb hyperextension to volar forearm), no differences were observed (knuckle crackers, 1.1 ± 1.2; nonknuckle crackers, 0.2 ± 0.4; mean difference, 0.9; 95% CI, 0. (Table 3) .
Of the knuckles that cracked during distraction maneuvers, (50/62 [81%]) showed positive findings on sonography. Conversely, of the knuckles that did not crack when the joint was distracted, (321/338 [95%]) showed no positive findings on sonography.
Discussion
Principal findings of this study relate to the clinical history, physical examination, and sonographic evaluation of subjects with and without knuckle cracking. Habitual voluntary knuckle cracking is a frequent source of questions for physicians, and controversies persist regarding any pathophysiology associated with knuckle cracking. We investigated the understudied question regarding whether subjects who perform habitual knuckle cracking have greater QuickDASH scores, swelling, grip strength, joint laxity, or ROM of the MPJs compared with those without a history of habitual knuckle cracking, and characterized the dynamic sonographic findings in joints that crack. We were unable to identify differences between the QuickDASH scores, swelling, grip strength, and laxity in subjects who were habitual knuckle crackers versus those who were nonknuckle crackers. However, we did find increased ROM in joints immediately after they cracked, although this change was small. With dynamic sonography, the characteristic finding during knuckle cracking was a sudden hyperechoic flash appearing de novo in the joint. Our study has several limitations. First, we studied a small cross-sectional cohort of relatively young asymptomatic adults; it was not our intent to study the long-term longitudinal outcomes of subjects with habitual knuckle cracking versus those without knuckle cracking. Therefore, our study is not designed to assess the potential role of knuckle cracking in the development of conditions such as arthritis. It is conceivable that the cumulative long-term effects of knuckle cracking ''microtrauma'' could result in adverse articular sequelae. Second, because of our method of volunteer recruitment, there was likely an enrollment bias favoring subjects with a history of habitual knuckle cracking. Third, our reference standard of an audible crack, although adequate, did not allow for histologic analysis of intraarticular findings. Furthermore, we recognize that the lack of perfect concordance between an audible crack and sonographic findings may have occurred owing to decentering of the ultrasound probe during the distraction maneuver. However, we believe that the hyperechoic cloudlike area that appeared sonographically in cracking joints does represent intraarticular gas formation owing to tribonucleation [8, 10, 25] .
Subjects with a history of habitual knuckle cracking did not have more disability or swelling than subjects without a history of knuckle cracking. Furthermore, in blinded analysis comparing joints that cracked versus those that did not, we found no adverse outcomes of swelling or decreased grip strength. This is potentially important because of the concern for adverse sequelae among many people who crack their knuckles. No prior studies, to our knowledge, have looked for (and not found) upper extremity disability using a validated standardized scoring instrument. Our findings differ sharply from those of the largest study to date [4] , which evaluated 300 subjects (74 subjects with knuckle cracking versus 226 without knuckle cracking). Although those investigators did not find any association of habitual knuckle cracking with osteoarthritis, they reported that habitual knuckle cracking was strongly associated with hand swelling and weaker grip strength, and concluded that habitual knuckle cracking ''results in functional hand impairment'' and ''should be discouraged''. That report, however, did not specify which joints were cracked, did not indicate if the evaluation was blinded, did not record the examiners level of experience, did not describe the methodology used to assess grip strength, and did not use any diagnostic imaging. Although we did not identify any deleterious clinical history or physical examination findings, occasional adverse sequelae of knuckle cracking have been reported by others [5, 15, 24] . In addition to acute MPJ damage attributable to vigorous knuckle cracking [5] , chronic derangements have been reported with habitual knuckle cracking (eg, formation of knuckle pads [15] , development of ligament ossification and calcification [24] ).
We did find that active and passive ROM measurements increased after a distraction maneuver and resulted in an audible crack. The current study is the largest to show this association, and corroborates the findings of two other studies. In one study examining long finger MPJs, minimally increased ROM was found with passive flexion (62 MPJs; mean, 3°; SD, 6°) [13] . In another study of MPJs [19] , there was reportedly a 5% to 10% gain in passive ROM, with a smaller increase in active ROM. While increases in ROM after joints crack is quite small, it is conceivable that even small increases in ROM may be associated with the sensation of ''decreased tension'' that habitual knuckle crackers often describe as a motivation for this voluntary activity.
Although the bubble formation mechanism is debated and bubble growth in vivo has not been studied extensively (in part owing to imaging difficulties) [14] , the dynamic temporal changes and morphologic features of echogenic areas observed consistently in our study support the role of tribonucleation in the process of knuckle cracking. Tribonucleation is defined as the creation of small gas bubbles by the action of making and breaking contact between solid surfaces immersed in a liquid containing dissolved gas [8] . Tribonucleation causes bubble formation because large negative pressures are generated by viscous adhesion between two closely opposed joint surfaces separated by a thin film of viscous synovial fluid [2] . Bubble formation is found to be in proportion to the product of the viscosity of the fluid and to the velocity of the separation from the solid surfaces [8] , although gentle contact of surfaces also can play a role [25] . One MRI study [10] evaluated a single individual (without information regarding clinical history or physical examination), and showed a transient bright signal in the joint space speculated to represent intraarticular gas. Kawchuk et al. [10] emphasized their belief that an audible crack results from the inception of a bubble in the MPJ, however, knuckle cracking always occurred faster than could be seen by a single-frame duration of 310 ms (3.2 frames per second), and no crack was audible during the MRI. In contrast to MRI, sonography allowed us to hear any audible crack during distraction and afforded a much faster temporal resolution (232 vs 3.2 frames per second) and superior spatial resolution (approximately 1.0 vs 0.1 mm).
Although there have been conflicting opinions and common concerns regarding the widespread habit of knuckle cracking, we found no detectable immediate adverse physical examination findings. While subjects with habitual knuckle cracking had no greater short-term impairment scores than subjects without knuckle cracking, future research should explore other related matters, such as other joints that crack, patients who are symptomatic, and long-term clinical outcomes. Our analysis shows that subjects with a history of habitual MPJ cracking are much more likely to crack other joints in their body. After a documented knuckle-cracking event, physical examination did show a small increased ROM, although the clinical relevance of this finding is uncertain. Finally, we observed that the dynamic sonographic findings of knuckle cracking are highly characteristic and visually impressive.
